Establishment and maintenance of a polar distribution of Na+,K+-ATPase is essential for efficient Na+ reabsorption by proximal tubule cells and is dependent upon the formation of a metabolically stable, detergent-insoluble complex of Na+,K+-ATPase with the actin membrane cytoskeleton. The present studies show that cellular ATP depletion results in a rapid duration-dependent dissociation of Na+,K+-ATPase from the actin cytoskeleton and redistribution of Na+,K+-ATPase to the apical membrane. During ATP depletion, total cellular Na+,K+-ATPase activity was unaltered, but the Triton-X-100-insoluble fraction (cytoskeleton associated) of Na+,K+-ATPase activity decreased (P < 0.01), with a corresponding increase in the detergent-soluble fraction of Na+,K+-ATPase (P < 0.01). Indirect immunofluorescent studies of cells with depleted ATP revealed a redistribution of Na+,K+-ATPase from the basolateral membrane into the apical membrane and throughout the cytoplasm. ATP depletion also resulted in the redistribution of F-actin from a primarily cortical concentration to a perinuclear location. There was also a rapid, duration-dependent conversion of monomeric G-actin to F-actin starting during the first 5 min of ATP depletion. Taken together, these data suggest that ATP depletion causes profound alterations in cell polarity by inducing major changes in the actin cytoskeletal architecture. (J. Clin. Invest. 1991.
Introduction
A polar distribution of Na+,K+-ATPase is essential for efficient movement of Na+ across epithelial cells. After synthesis, Na+,K+-ATPase is targeted in a polar fashion to the basolateral membrane (BLM)' (1) , where it forms a metabolically stable, detergent-insoluble complex with elements of the actin membrane-cytoskeleton (2-4). Na+,K+-ATPase binds directly to ankyrin (4-6) via its a subunit (5) . Madin-Darby canine kidney (MDCK) cells plated as monolayers display a gradual shift in the location ofNa',K+-ATPase from a previously random distribution over the entire surface membrane to an accumulation in the BLM. This emergence ofcell polarity is dependent upon cell-cell contact and the uvomorulin-mediated assembly and organization of a basolateral membrane cytoskeleton (3, 7) .
We have previously reported that during in vivo ischemia, renal proximal tubular cells undergo a rapid loss of surface membrane protein and lipid polarity whose extent depends on the duration oftreatment. Both biochemical and histochemical evidence show that Na',K+-ATPase redistributes during ischemia from the basolateral membrane into the apical membrane domain (8, 9) . Loss of Na',K+-ATPase surface membrane polarity is associated with reduced proximal tubular Na' reabsorption (10) . Upon reperfusion the situation normalizes during cellular repair with the reestablishment ofNa',K+-ATPase polarity (11) . Furthermore, in vivo ischemia leads to a rapid, duration-dependent disruption of the proximal tubule cell microfilament network (12) .
Because Na',K+-ATPase is directly linked to the actin membrane cytoskeleton, it is plausible to suggest that its movement from the basolateral membrane into the apical membrane domain involves dissociation from the membrane-cytoskeletal complex. To investigate this hypothesis directly, a model of in vitro cellular ATP depletion was developed in LLCPK, cells. The effect of ATP depletion on the association of Na',K+-ATPase with the membrane-cytoskeleton was quantified by separating cell extracts into Triton-X-100-soluble and -insoluble (cytoskeletal) fractions. The effects of cellular ATP depletion on microfilament disruption and the state of actin polymerization was investigated by biochemical and immunocytochemical methods.
Methods
Cells. A cloned line ofLLCPKI cells was obtained by limiting dilution, plated at 1 x 106 cells/60-mm dish and grown in DMEM containing 4% FCS and 4% calfserum. Unless otherwise indicated all studies were performed on monolayers that had reached confluence 48-72 h before the study. To induce cellular ATP depletion, monolayers were rinsed twice with PBS and then DMEM devoid of amino acids and glucose, but containing 1.5 MM antimycin A, was added (13) .
Cell extraction,fractionation, and measurement ofNa',Ki-A TPase activity. Confluent monolayers of LLCPKI cells in 60-mm dishes were transferred to 4VC, rinsed twice with PBS, and then solubilized and extracted using 200 Mul ofa PHEM buffer (60 mM Pipes, 25 mM Hepes, 10 mM EGTA, and 2 mM MgC12, pH 6.9, containing 0.1% Triton-X-100, 0.5 mM PMSF, and 0.1 mM DTT). Cells were extracted for 5 min on a rocking platform, cell residues were scraped from the petri dish with a rubber policeman, and pelleted at 48,000 g for 5 min at 4°C. Supernatants were carefully separated and pellets were resuspended in 200 Ml of the PHEM extraction buffer. Na',K+-ATPase activity was measured kinetically on extracted cells, supernatants and pellets as the difference between total and ouabain-inhibitable ATPase activity using an assay system coupled to pyruvate kinase, phosphoenolpyruvate, and lactate dehydrogenase at 340 nm and 370C ( 14) . For all assays, 50-150
Asg of protein was used and assays were done in duplicate. Previous investigations have shown that the pellet consists primarily ofthe cellular cytoskeleton and associated proteins, whereas the supernatant consists of soluble proteins including G-actin and proteins which are capable ofinteracting with the cytoskeleton (for example, fodrin) but which were not associated with the cytoskeleton at the time of extraction (2-4). In our studies, cellular ATP depletion did not alter the Coomassie-blue SDS-PAGE protein profile of either the supernatant or pellet fractions (data not shown), except there was a decrease in the intensity of the G-actin band during ATP depletion. Proteins were determined by the technique of Lowry et al. (15) (18) . For total cellular actin, confluent monolayers were transferred rapidly to 40C, washed twice with ice-cold PBS, extracted in 400 ,d ofan actin-dissociating buffer (2 mM Tris-Cl, 0.2 mM Na2ATP, 0.5 mM 2-mercaptoethanol, 0.2 mM CaCI2, and 0.005% azide at pH 8.0) containing 0.5% Triton-X-100, 0.5 mM PMSF, 0.1 mM DTT, 0.01 mg/ml chymostatain, 0.01 mg/ml leupeptin, and 0.05 mg/ml N-p-tosyl-lysine chloromethyl ketone for 5 min at 4°C, scraped offthe petri dish with a rubber policeman and allowed to depolymerize on ice for 3 h. For G-actin, monolayers were extracted with 200-M1 of PHEM containing 0.5 mM PMSF, 0.5% Triton-X-100, and 0.1 mM DTT with gentle rocking at 4°C for 5 min, centrifuged for 5 min at 48,000 g, and the supernatant was immediately separated from the pellet. Monomeric actin concentrations in these samples were determined by quantifying the inhibition ofhydrolysis ofcalfthymus DNA (Sigma Chemical Co., St. Louis, MO) by known amounts ofpancreatic DNase I, utilizing the decrease in fluorescence of ethidium bromide (0.4 mg/ml). Fluorescence was measured with a spectrofluorometer (LS-3; Perkin-Elmer Corp., Norwalk, CT) at an excitation wave length of 520 nm and emission wavelength of 602 nm. Standard actin inhibition curves were generated utilizing actin (Sigma Chemical Co., St. Louis, MO) that was depolymerized in the dissociation buffer just before its use. Only values falling between 25 and 75% inhibition of the DNase I activity were used for quantitation (16) (17) (18) .
Fluorescent staining of cells. For immunofluorescence labeling of Na+,K+-ATPase, monolayers of LLCPKI cells grown on 12-mm No. 1 circular glass coverslips (Bellco Glass Inc., Vineland, NJ) were washed in PBS and fixed with either methanol (-20°C for 5 min) followed by acetone (-20°C for 5 min) and then rinsed in PBS or with 4% freshly prepared paraformaldehyde and 0.1% glutaraldehyde in PME (60 mM Pipes, 2 mM MgCI2, and 10mM EGTA) buffer. Cells were then treated with 50% nonspecific goat serum in PBS for 60 min at 37°C followed by application of a monospecific polyclonal antibody (2, 6) to the a subunit ofNa+,K+-ATPase (NKA 2.2 kindly provided by W. J. Nelson) at a dilution of 1:100 (PBS with 10% goat serum) for 60 min at 37°. This was followed by three rinses in PBS and application of a Texas Red-conjugated goat anti-rabbit IgG (Fisher Scientific Co., Fairlawn, NJ) diluted 1:500 (PBS with 10% goat serum) for 1 h at 37°. Coverslips were mounted in Gelvatol (Monsanto, Indian Orchard, MA) with 5% n-propyl gallate. The aldehyde fixed cells were dehydrated for 5 min in increasing concentrations of acetone and then embedded in Epon-Araldite (19) . Lateral sections (0.5 gm) were cut, mounted, and viewed through a Zeiss Universal microscope equipped with a 50-W mercury arc, epifluorescence optics, a 100X, 1.25NA plan acromatic objective (Carl Zeiss, Inc., Thornwood, NY) and photographed on TMZ-P3200 film (Eastman Kodak Co., Rochester, NY).
Rhodamine-phalloidin (Molecular Probes, Inc., Eugene, OR) was utilized for labeling filamentous actin. Cells grown on glass cover slips were fixed in 3.7% formaldehyde, extracted with acetone (-20°C) and stained with a 1:10 dilution (PBS) of the rhodamine phalloidin as described by the product insert. Nuclear labeling was accomplished by exposing cells to 4,6-diamidino-2-phenylindole (DAPI) during the final PBS wash followed by a brief rinse in distilled H20. Statistical comparisons between control and experimental groups were made using analysis of variance (ANOVA), with results considered statistically different if the P value was < 0.05, and are reported as P < 0.05, P < 0.01 or NS. All values are reported as the mean±SD.
CellularA TP measurements. ATP determinations were carried out on neutralized perchloric acid (PCA) extracts as previously described (13) . Briefly, monolayers of LLCPKI cells were rinsed twice with PBS and extracted with 6% PCA at4C for 15-60 min. The PCA extract was neutralized with K2CO3. ATP was measured fluorimetrically with a luciferase assay usinga monolight 2010 luminometer (Analytical Luminescence Laboratory, San Diego, CA).
Results
In MDCK cells the establishment of a polar distribution of Na+,K+-ATPase coincides temporally and spatially with the establishment of extensive cell-cell contact and the formation ofa cortical cytoskeletal complex (6, 7) . To investigate whether the same is true of LLCPKI cells, we determined whether the expression of Na+,K+-ATPase activity in this cell type was dependent upon the level of cellular confluence. Fig. 1 crease in Na+,K+-ATPase activity in the detergent-soluble fraction. Further redistribution of Na+,K+-ATPase activity from the detergent-insoluble fraction to the detergent-soluble fraction continued with increasing duration of cellular ATP depletion. After 120 min of ATP depletion, the activity of Na+,K+-ATPase in the detergent-soluble fraction had increased fourfold from 0.14±0.03 to 0.57±0.06 gmol/mg protein per h (P < 0.01) and the ratio ofdetergent-soluble to -insoluble Na+,K+-ATPase activity had increased from 0.074 to 0.504 (P < 0.01).
Indirect immunofluorescent studies were undertaken to determine the effect of cellular ATP depletion on the subcellular distribution of Na+,K+-ATPase. Under physiological conditions (Fig. 3 A) , Na+,K+-ATPase was confined to the basolateral membrane domain, primarily its lateral component. After 60 min of ATP depletion Na+,K+-ATPase was detected in the apical membrane and a decrease in staining intensity was noted in the basolateral membrane (Fig. 3 B) . 2 h of ATP depletion resulted in further increases in apical staining, and in some cells Na+,K+-ATPase was seen throughout the cytoplasm in a vesicular pattern (Fig. 3 C) .
The redistribution of Na+,K+-ATPase from the detergentinsoluble to the detergent-soluble pool and from the BLM to throughout the cell suggested that ATP depletion was inducing a major change in cytoskeletal architecture resulting in a profound effect on cell polarity. Therefore, we assessed the effect of ATP depletion on the actin cytoskeleton through a biochemical determination of the state of actin polymerization utilizing the DNase I assay, and a cytochemical description of the F-actin (rhodamine phalloidin staining) distribution in LLCPK, cells. Total cellular actin (123±4 ug/mg cellular protein) remained stable as the cells progressed from a state of 50% cellular confluence to well-established confluent monolayers. The percentage of G-actin (34±1.5%) was also independent of the state ofcell confluence. Therefore, progressing from a nonconfluent cell, whose actin consisted primarily of F-actin stress fibers, to a confluent cell with an abundant cortical actin cytoskeleton, had no effect on cellular actin concentration or the state of actin polymerization.
Depletion of cellular ATP did, however, result in the rapid conversion of G-to F-actin (Fig. 4) . G-Actin diminished rapidly from a normal value of 74.4±6.9 to 30.6±1.9 (pg/mg supernatant protein) during 120 min of ATP depletion. There was no change in total cellular actin (data not shown). The decrease in G-actin was statistically significant after only 5 min of ATP depletion (from 74.4±6.9 to 61.4±3.8 ,g/mg supernatant protein [P < 0.01]). Cellular G-actin continued to decrease rapidly for 30 min and then at a reduced rate for the rest ofthe 120-min period that we studied.
The conversion of G-to F-actin was associated with dramatic, duration-dependent alterations in the cellular distribution of F-actin. Under physiological conditions, the actin cytoskeleton was confined to a cortical distribution (Fig. 5 A) . After 30 min of ATP depletion, small punctate dispersions of rhodamine phalloidin staining were seen throughout the cytoplasm (Fig. 5 B) . Increasing the duration ofATP depletion to 120 min (Fig. 5, C and D) resulted in large cytoplasmic aggregates of rhodamine phalloidin staining and markedly decreased cortical staining. Fig. 5, E and F, show that the rhodamine phalloidin-stained aggregates were primarily localized to a perinuclear region.
To determine whether 2 h of ATP depletion resulted in irreversibly damaged cells, two studies were carried out. First, cellular LDH release was measured under physiological conditions and during 30, 60, and 120 min of ATP depletion. ATP depletion for up to 120 min had no effect on LDH release when compared with untreated cells (2.7% of total cellular LDH). Second, the ability of ATP-depleted cells to resynthesize ATP after substrate addition and antimycin removal was investigated. Cells that were ATP depleted for 120 min showed a rapid and sustained increase in cellular ATP when they were transferred back in to physiologic DMEM (Fig. 6 ). This increase in ATP correlated with the normalization ofcellular morphology and actin distribution (data not shown).
Discussion
A polar distribution of Na',K+-ATPase in renal proximal tubule cells is essential for the efficient reabsorption of Na' from the glomerular filtrate. Na',K+-ATPase is synthesized in the endoplasmic reticulum, undergoes posttranslational modification in the Golgi apparatus and is targeted in a polar fashion to the BLM (1). There the enzyme associates with the cortical actin cytoskeleton via a specific linkage of the a subunit to ankyrin (4) (5) (6) . This results in a metabolically stable cytoskeletal-enzyme complex which remains associated during Triton-X-100-mediated cellular disruption and extraction (4, 6, 7) . In this paper, we have used cultured LLCPK, cells to investigate the effects of culture conditions and ATP depletion on the polar distribution of Na+,K+-ATPase and the F-actin cytoskeleton. We have demonstrated that the expression of Na+,K+-ATPase activity is dependent upon the establishment of a confluent monolayer and that this change is contemporaneous with the development of a mature cortical cytoskeleton. As confluence was established there was an increase in Na+,K+-ATPase activity that was restricted to the detergent-insoluble or cytoskeleton associated fraction of the cell, and the detergent-soluble or noncytoskeletal Na+,K+-ATPase fraction remained essentially unchanged. These findings are consistent with previously published data which indicate that the expression and establishment of Na+,K+-ATPase polarity coincides with the organization of the actin-fodrin-ankyrin-uvomorulin surface membrane-cytoskeletal complex (7) .
The reorganization of the actin cytoskeleton that occurs as LLCPK, cells become confluent and express a more polarized phenotype is quite dramatic. ent. As the cells became confluent there was a progressive rearrangement of the actin cytoskeleton to a surface membrane association. These alterations were independent ofany change in the extent of intracellular actin polymerization, as the percentage of G-actin remained constant. Our observations are consistent with results from MDCK cells (2) although the constancy of the G-actin percentage before and after the establishment of confluence has not been previously reported. Na',K+-ATPase activity, but, the ratio of noncytoskeletal to cytoskeletal associated Nae,K+-ATPase increased greater than sevenfold. During ATP depletion, Na',K+-ATPase was found to redistribute to the apical pole of individual LLCPK1 cells. Apical membrane Na',K+-ATPase staining was first noted after 1 h of ATP depletion, and continued ATP depletion resulted in increased apical staining. These data are consistent with our previous in vivo proximal tubule results where the rapid duration-dependent redistribution of Na',K+-ATPase to the apical membrane during ischemic injury has been documented (9, 20) . Furthermore, the time course for the opening of cellular tight junctions in vivo and in vitro (preliminary data in LLCPK, cells; 21) is consistent with the lateral bilayer mobility of noncytoskeletal associated basolateral membrane Na+,K+-ATPase into the apical membrane through an open tight junction.
Previous results from our laboratory have indicated that apically localized Na+,K+-ATPase retains its functional ability and is, in part, responsible for reduced and inefficient Na+ reabsorption after ischemic cell injury (10) . Furthermore, repolarization of the Na+,K+-ATPase distribution to the BLM is required before proximal tubule Na+ reabsorption can normalize (1 1).
Dissociation of Na+,K+-ATPase from its cytoskeletal attachment was preceded by the rapid conversion of G-to F-actin and the redistribution of filamentous actin from a cortical to a perinuclear location. The mechanism for conversion ofGto F-actin was not further investigated, but poses an interesting puzzle. Actin polymerization in vitro requires ATP (22), so the mechanism by which ATP depletion enhances the formation of F-actin in cells is not obvious. The result may, of course, be an artifact of the experimental definitions of G and F actin used, but we think it likely that the redistribution is real and results from the wide-ranging effects that ATP depletion may have on the levels ofphosphorylation in actin binding proteins. While the mechanisms by which 30-50% of cellular actin is kept soluble are complex and still obscure (23) , it seems likely that the supramolecular organization of actin into a cortical network involves a complex ofdynamic protein-protein interactions that would be sharply altered by changes in the activities of protein kinases. In summary, ATP depletion in LLCPK1 cells results in a rapid duration-dependent conversion ofG-to F-actin, redistribution ofactin from a cortical to perinuclear localization, dissociation of the Na',K+-ATPase-cytoskeletal complex and a redistribution ofNa',K+-ATPase to the apical membrane. These data are consistent with and extend previous in vivo observations. They support the hypothesis that ischemia results in loss ofsurface membrane polarity by disrupting the actin cytoskeleton which in turn leads to a dissociation of cytoskeleton associated proteins and the opening of tight junctions. Lateral migration of domain specific components could then occur, resulting in loss of surface membrane polarity.
